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Abstract

Author Manuscript

Purpose—Exercise elicits early adaptation of coronary vessels enabling the coronary circulation
to respond adequately to higher flow demands. We hypothesized that short-term daily exercise
induces biomechanical and functional remodeling of the coronary resistance arteries related to
pressure.
Methods—Male rats were subjected to a progressively increasing 4-week treadmill exercise
program (over 60 min/day, 1 mph in the final step). In vitro pressure-diameter measurements were
performed on coronary segments (119 ± 5 μm in diameter at 50 mm Hg) with microarteriography.
The magnitude of the myogenic response and contribution of endogenous nitric oxide and
prostanoid production to the wall mechanics and pressure-diameter relationship were assessed.

Author Manuscript

Results—Arterioles isolated from exercised animals – compared to the sedentary group – had
thicker walls, increased distensibility, and a decreased elastic modulus as a result of reduced wall
stress in the low pressure range. The arterioles of exercised rats exhibited a more powerful
myogenic response and less endogenous vasoconstrictor prostanoid modulation at higher
pressures, while vasodilator nitric oxide modulation of diameter was augmented at low pressures
(< 60 mm Hg).
Conclusions—A short-term daily exercise program induces remodeling of rat intramural
coronary arterioles, likely resulting in a greater range of coronary autoregulatory function
(constrictor and dilator reserves) and more effective protection against great changes in
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intraluminal pressure, contributing thereby to the optimization of coronary blood flow during
exercise.
Keywords
Coronary arterioles; Daily exercise; Elasticity; Contractility; Endothelium; Vascular; Remodeling

Introduction

Author Manuscript

It has been shown that exercise elicits improvement of all parts of the cardiovascular system
[1] and that a sedentary lifestyle is a major but modifiable risk factor for cardiovascular
diseases [2–4]. Previous as well as recent findings have demonstrated that even short-term
exercise improves the ability of the coronary circulation to accommodate higher flow
demands during physical exercise [3, 5, 6] in healthy individuals. Moreover, daily exercise
activity has been shown to counteract hypertensive [7, 8], hypercholesterolemic [9], and
diabetic [10] pathological vessel wall remodeling, thereby reducing the incidence of
coronary heart disease [4, 11–14]. Regular exercise promotes arteriolar growth and increases
the lumen of larger coronary arteries [3, 4, 15, 16], enriches the existing microvascular
collateral network [3, 4, 14, 15], reduces coronary wall stiffness, and improves coronary
endothelial function and the vasodilatory reserve [3, 5, 17–21]. The impact of exercise on
vascular remodeling depends upon the training duration and its intensity, and the vascular
bed involved [2], but even a short-term exercise program has been shown to elicit beneficial
effects [21]. However, many details of exercise-induced remodeling of the coronary vessels
are still obscure. Blood supply to ventricular tissue is mostly determined by the resistance of
intramural arteries and arterioles. Previous studies showed that important differences exist
among the vessel generations regarding their biomechanical and pharmacological properties
[3, 22], yet only a few studies have investigated the changes of morphological remodeling,
altered wall elasticity, contractility, and endothelium-dependent modulation of coronary
resistance arteries and arterioles in response to daily exercise. In vitro pressure myography
of intramural coronary small arteries and arterioles [10, 22–25] allows such an investigation
to be conducted. Analyzing exercise-induced biomechanical adaptation of intramural
coronary arterioles can reveal novel mechanisms underlying the beneficial effects reported in
epidemiologic and clinical studies.
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Thus, in the present study, we hypothesized that a short-term daily exercise program induces
substantial biomechanical remodeling of the coronary arterioles, providing a greater capacity
to regulate their resistance and thus control coronary blood flow. In order to test this
hypothesis, in isolated coronary arterioles of sedentary and exercised rats, intraluminal
pressure-related biomechanical properties and myogenic responses were investigated and the
modulatory roles of endothelial nitric oxide (NO) and vasoactive prostanoids were studied.

Methods
Animals and Daily Exercise Protocol
Male Wistar rats weighing 250–300 g were divided into exercised (n = 12) and sedentary (n
= 25) groups. Exercised rats were subjected to a 4-week progressively increasing treadmill
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exercise program, described as follows. During the first week, an initial load of 5 min/day at
a speed of 0.5 mph was increased to 20 min/day at 0.8 mph, and on the 5th day the rats ran
to exhaustion. Their load reached 40 min/day at 1 mph at the end of the second week and 60
min/day at 1 mph at the end of the last week. The rats ran until exhaustion again on the last
day. Rats lagging behind and falling off the treadmill were stimulated by mild electric
impulses and helped back onto the lane if necessary. Two days of rest was allowed each
week. Control sedentary rats were kept in conventional cages. Food and water were given ad
libitum. The protocols were approved by the Institutional Animal Care and Use Committee
of New York Medical College and conformed to the current guidelines of the National
Institutes of Health and the American Physiological Society for the use and care of
laboratory animals.
Chemicals

Author Manuscript

Indomethacin (INDO; an inhibitor of prostaglandin synthesis) was purchased from Cayman
Chemicals (Ann Arbor, MI, USA). Nω-nitro-L-arginine (L-NNA; an inhibitor of NO
synthase; NOS) and all other chemicals were purchased from Sigma-Aldrich (St. Louis,
MO, USA).
Pressure Arteriography of Intramural Coronary Arterioles

Author Manuscript

After the 4-week exercise program the animals were anesthetized with intraperitoneal
injections of sodium pentobarbital (50 mg/kg). The chest was quickly opened and the heart
was removed and placed in cold (0–4 ° C) oxygenized Krebs solution. Intramural coronary
arterioles, end branches of the left anterior descending coronary artery, located close to the
apex, with an outer diameter of approximately 100 μm at preparation were prepared under a
microscope (Olympus), as described previously [24]. Arterioles were removed, cannulated at
both sides with glass micropipettes (outer diameter approx. 100 μm) and mounted in the
glass-bottomed vessel chamber, being carefully extended to their original in situ length. The
chamber solution contained (in mM), 110 NaCl, 5 KCl, 2.5 CaCl2, 1 MgSO4, 1 KH2PO4, 24
NaHCO3, and 10 glucose. The solution was bubbled with 21% O2 and 5% CO2 balanced
with N2 at 37 ° C. Also, a continuous superfusion of the bath solution was applied at a rate
of 15 mL/min.
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Mounted coronary arterioles were pressurized in a no-flow condition with a pressure-servo
syringe reservoir system (Living Systems, Burlington, VT, USA) and were visualized by
video microscopy (Olympus, Lake Sussex, NY, USA). Their inner and outer diameters were
measured with a calibrated image sharing monitor (Instrumentation for Physiology and
Medicine, San Diego, CA, USA). The intraluminal pressure was measured with a pressure
transducer (Gould Statham, Oxnard, CA, USA). Data were recorded on a chart recorder
(Omega Engineering, Stamford, CT, USA).
Coronary arterioles were allowed to equilibrate for 1 h in Krebs solution at 60 mm Hg
intraluminal pressure, during which all arterioles included in the study developed a
substantial active spontaneous tone. Then, the intraluminal pressure was first decreased to 2
mm Hg, which was followed by a stepwise increase up to 150 mm Hg in 10-mm Hg
pressure steps. The steady state diameter at each step was measured (allowing approx. 5 min
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equilibration for each step). The pressure was then set back to 60 mm Hg and either Nωnitro-L-arginine (L-NNA, 10−5 M, an inhibitor of NOS; Sigma-Aldrich), or INDO (2.8 ×
10−5 M, an inhibitor of prostaglandin synthesis; Cayman Chemicals) were administered in
the superfusion solution and incubated for 20–30 min. The pressure steps were repeated as
above in the presence of the given inhibitor. Finally, a passive pressure-diameter relationship
was obtained in Ca2+-free Krebs solution (containing 10−4 M sodium-nitroprusside and 1.0
mM EGTA, Sigma-Aldrich, in addition to the Krebs without CaCl2).
Computations and Statistical Analysis

Author Manuscript

In coronary arterioles, tangential stress was computed using the Laplace-Frank equation, σ =
p · ri/h, where σ is the tangential stress, p is the pressure, ri is the inner radius, and h is the
wall thickness. Incremental distensibility was computed as D = ΔV/(VΔp), where ΔV is the
change of lumen volume from an initial value of V if a pressure change of Δp is applied. The
incremental tangential elastic modulus was computed using the formula Einc = 2(rori2/[ro2 −
ri2]) · (Δp/Δro), where ro and ri are the actual values of outer and inner radii, and Δro is the
change in outer radius induced by an alteration of intraluminal pressure of Δp [26].
Constrictions of coronary arterioles were characterized as reduction of the inner radius
relative to the fully dilated state (passive diameter, relaxed) at the same intraluminal pressure
(also referred to as the isobaric active strain). All parameters are expressed as the mean ±
standard error of the mean. For statistical comparisons of parameters of sedentary and
exercised animals 1- and 2-way ANOVAs were used with the Tukey pairwise comparison
test. Significance levels of p < 0.05 were accepted to confirm statistically significant
differences.

Results
Author Manuscript

Body Weight and Heart Weight
The 4-week exercise program elicited a significant reduction in the body weight of rats
compared to sedentary rats (382.8 ± 6.7 vs. 405.3 ± 6.7 g, p < 0.05), whereas their heart
weights did not differ (1.32 ± 0.04 vs. 1.30 ± 0.03 g).
Daily Exercise-Induced Alterations in Geometry and Elasticity of Coronary Arterioles

Author Manuscript

Compared to sedentary coronary arterioles, in the maximally dilated state, the outer
diameters were not different (Fig. 1a), whereas the inner diameter and isobaric tangential
wall stress were significantly reduced, and wall thickness was significantly increased in the
coronary arterioles of exercised rats (Fig. 1b–d). Also, the coronary arterioles of exercised
rats showed significantly increased isobaric distensibility and reduced tangential elastic
moduli at low pressures (Fig. 1e, f).
Daily Exercise-Induced Alterations in the Myogenic Response of Coronary Arterioles
In the lower intraluminal pressure range (up to 40–50 mm Hg), spontaneous tone and
diameters were not different between the 2 groups of vessels. At a higher pressure range,
however, the arteriolar diameters of exercised rats were significantly smaller compared to
those of sedentary rats (Fig. 2, 3a).
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Daily Exercise Alters the Modulation of Myogenic Response of Coronary Arterioles by
Endogenous NO
In the presence of the endothelial NOS (eNOS) inhibitor L-NNA (10 μM), the myogenic
response of coronary arterioles was significantly modulated, and was different in the
sedentary and exercised groups. At zero pressure, the arteriolar diameters in both groups
reduced similarly and significantly. However, in the presence of L-NNA, the coronary
arteriolar diameters of exercised rats at lower pressure values were reduced compared to
sedentary rats, whereas at higher pressure values arteriolar diameters were raised more in
exercised vessels (Fig. 2a, 3b).
Daily Exercise Alters the Modulation of Myogenic Response of Coronary Arterioles by
Endogenous Prostanoids

Author Manuscript

In the presence of INDO, a nonspecific inhibitor of cyclooxygenases (thus the inhibitor of
prostanoid production), there were no significant differences in the arteriolar diameters of
the 2 groups at the lower range of intraluminal pressure. However, with increases in
intraluminal pressure to a higher range (above 70 mm Hg), coronary arteriolar diameters
isolated from sedentary rats remained higher compared to those from exercised rats (Fig. 2b,
3c).

Discussion

Author Manuscript

The salient findings of the present study are that a 4-week daily exercise program induced
significant alterations in the morphology, biomechanical characteristics, and myogenic
response of intramural arterioles (approx. 120-μm inner diameter at 50 mm Hg) isolated
from the left anterior descendent coronary artery, supplying the apical ventricular cardiac
muscle of the rat heart. This morphological and functional remodeling of coronary arterioles
likely contributes to a wider autoregulatory range and an increased dilator/constrictor
reserve, allowing great changes in coronary blood flow during exercise activity.
Daily Exercise-Induced Alterations in Morphology and Biomechanics of Coronary
Arterioles

Author Manuscript

We found that changes in morphological and geometrical parameters of coronary arterioles
were persistent at a wide range of intraluminal pressures (Fig. 1a–c). An increased wall
thickness in the fully dilated state without a corresponding change in outer diameter suggests
that short-term daily exercise program elicited a hypertrophic wall remodeling. We have
found elastic alterations, namely an increased isobaric distensibility and reduced elastic
modulus, which could partly be due to geometrical alterations and reduced values of isobaric
tangential wall stress (Fig. 1d–f). The few available publications report divergent findings
regarding the effects of exercise activity on coronary artery wall elasticity. The stiffness of
large subepicardial coronary arteries has been shown to be reduced [17, 27]. The
physiological importance is that an elevated isobaric distensibility can contribute to a more
effective opening of the coronaries during sudden elevation of transmural pressures, such as
occurs during the exercise-modulated cardiac cycle [22].
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Inner diameters of coronary arterioles in response to the elevation of intraluminal pressure
up to 50 mm Hg did not differ significantly between the exercised and sedentary groups
(Fig. 2, 3a), i.e., their myogenic response did not differ in this pressure range.

Author Manuscript

A further stepwise elevation of intraluminal pressure induced an active myogenic response
of isolated coronary arterioles [22–25], which was more powerful in the vessels of exercised
rats, reducing their diameter below that of coronary arterioles of sedentary rats. Exerciseinduced elevated myogenic tones have also been described in previous studies [3, 18, 19, 28,
29]. A potential explanation is that during exercise the dilation of larger proximal arteries
[15] accompanied with elevated arterial pressures resulted in pressure elevations in the
coronary arterioles investigated in the present study, and this in turn induced morphological
thickening of the wall, as well as development of a more powerful myogenic response in the
higher pressure range. An increased myogenic tone in exercise-trained vessels is likely to be
mediated by calcium-dependent PKC signaling mechanisms [3, 29]. Changes in vascular
myogenic responses can also be attributed to calcium oscillations induced by alterations of
the activity of voltage-sensitive calcium channels or cGMP-sensitive calcium-dependent
chloride channels, as well as voltage-dependent or calcium-dependent potassium channels
[8, 30]. One has to take into consideration that a higher myogenic tone means a greater
potential range for diameter increase evoked by other vasomotor mechanisms, such as flowdependent and metabolic responses. For example, at 100 mm Hg, the diameters of coronary
arterioles of exercised and sedentary rats were 39 ± 3 and 48 ± 4% of passive diameters,
respectively.
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Based on the Hagen-Poiseuille law and supposing unaltered blood viscosity, the theoretical
possibility to elevate segmental hemodynamic conductance from spontaneous myogenic
tone to full dilation would be 7.2-fold in the vessels of sedentary rats, while it would be
13.3-fold in the vessels of exercised rats. Therefore, the present study revealed the
underlying mechanism of the elevated dilation reserve, a key factor of exercise-induced
coronary remodeling described by earlier studies [6, 14, 16, 19, 31, 32]. In other words, the
greater “resting” coronary tone allows a higher dilatory reserve that “can be used” by
metabolic vasodilator mechanisms, such as adenosine-induced vasodilation [3, 33], and also
by a NO-mediated flow-induced dilator mechanism [34].
Daily Exercise Alters the Modulation of Myogenic Response of Coronary Arterioles by
Endogenous NO

Author Manuscript

The findings with the NOS inhibitor L-NNA (Fig. 2a, 3b) suggest that coronary arterioles of
exercised rats would have been almost closed in the range of low pressures (< 50 mm Hg)
without the continuous dilatory effect of endogenously produced NO. At higher pressures,
however, an opposite condition may exist, in which the limited dilator effect of NO allows
the full-strength action of myogenic response in exercised arterioles as compared to that of
sedentary coronary arterioles.
We previously showed that L-NNA modulates the basal tone of these coronary arterioles
[25], whereas the present work suggests that after the daily exercise program the L-NNA-
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induced modulation of basal tone greatly depends on the prevailing intraluminal pressure
level. In contrast to the sedentary condition, the basal NO production seems to be an
important factor keeping the lumen of coronary arterioles of exercised rats open below a
pressure of 50 mm Hg. However, when the pressure is further elevated, a less effective NO
dilator modulation allows the development of a more forceful pressure-induced myogenic
constrictor response. Improvements of coronary endothelial dilations in exercised rats have
also been reported, though results are somewhat heterogeneous [2, 3, 17, 18, 20]. Exercise,
in addition to eliciting greater changes in the intraluminal pressure, also increases wall shear
stress, acting on the endothelial cell surface layer and inducing acute and chronic adaptation
mechanisms, such as increased endothelial NO release or decreased endothelin levels,
thereby decreasing calcium signals in the vascular smooth muscle cells [3, 4, 20, 21]. It has
also been observed in humans that exercise training augments shear-mediated arterial
dilation opposing myogenic constriction [35]. Previously, we found that a short-term and
chronic exercise program augmented the role of endothelial NO mediation of agonist- and
flow-induced dilations in skeletal muscle arterioles [34, 36].
Extrapolating these findings to in vivo conditions, one can propose that a higher level of
NO-induced dilation at low pressures may contribute to the opening of the lumen of
exercised coronary arterioles (especially those of the left ventricle) during the diastolic phase
of the cardiac cycle. On the other hand, the limited NO effect at higher pressures (systolic
phase) protects the coronary arterioles form overdistension. Although, the present study was
conducted in so-called no-flow conditions, the results still indicate that daily exercise affects
the endothelial function of coronary arterioles, as well as indirectly confirming previous
findings and demonstrating that the endothelium has an important modulatory effect on their
myogenic response.
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In the present study, we used inhibitors of NO and prostaglandin synthesis because removal
of endothelium from arterioles can sometimes injure smooth muscle, leading to the
misinterpretation of findings. Nevertheless, we can safely assume that both NO and
prostaglandins were produced and released from the endothelium of these arterioles. In
previous studies, we investigated the role of endothelium in the mediation of arteriolar
dilation both by the removal and by the inhibition of NO and PG synthesis, and found that in
the absence of endothelium these factors are not produced, i.e., dilations are not observed
[34, 36]. Thus, our study revealed that the enhanced basal release of endothelium-derived
NO and PG is an important modulator of the myogenic mechanism even in no-flow
conditions.

Author Manuscript

Daily Exercise Reduces Endogenous Prostanoid-Induced Myogenic Constriction in
Coronary Arterioles
Inhibition of the synthesis of prostanoids in coronary arterioles elicited the attenuation of a
pressure-induced myogenic response, indicating the presence of vasoconstrictor prostanoids
in the modulation of coronary tone over 50 mm Hg (Fig. 2b, 3c). One important observation
of the present study is that the high pressure-induced vasoconstrictor prostanoid component
of the myogenic response – which we have described previously [25] – was not present in
the coronary arterioles of exercised rats (Fig. 2b). These observations suggest a complex
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rearrangement of endogenous prostanoid production/effect by daily exercise in the
intramural coronary arterioles. The more powerful myogenic response in the presence of
higher pressures seems to develop without the contribution of constrictor prostaglandins in
the exercised coronaries. Coronary arteries have been found to synthesize both constrictor
and dilator prostanoids [37, 38] competing with each other in different physiological and
pathological conditions [27, 37–40]. Indeed, we previously described the differential
sensitivity of coronary arterioles from different locations in response to PGF2alfa and in the
modulatory role of constrictor prostanoids on the myogenic response [24, 25]. In contrast to
coronaries, in skeletal muscle arterioles, we found that a daily exercise program augmented
the role of vasodilator prostaglandins mediating flow-induced dilation [34]. The present
study shows that short-term daily exercise – in a pressure-dependent manner – alters the
production of vasoconstrictor and vasodilator endogenous prostanoids in the wall of
coronary arterioles.

Author Manuscript

Limitations and Interpretation of the Findings

Author Manuscript

These in vitro findings should be carefully extrapolated to in vivo conditions when
transmural pressure changes during the cardiac cycle. Based on a theoretical consideration,
the pressure in intramural coronary arterioles in the diameter range of approximately 120 μm
can be about 45– 55 mm Hg, depending on the diastolic and systolic cycles [41]. The
coronary arterioles included in this study were located in the myocardium of the apex,
several hundred micrometers deep from the surface, thus transmural pressure greatly
changes during cardiac cycles. Transition between the large distensibility-low pressure and
low distensibility-high pressure sections of the pressure-diameter relationship usually refers
to levels of physiological in vivo transmural pressures [26]. Analysis of the pressure-passive
diameter curves of vessels (Fig. 1a, b, Fig. 2) suggests a working point of around 30 mm Hg
in vivo. We have previously shown [25] that at around 50 mm Hg of transmural pressure an
important border for the elastic, contractile, and pharmacological properties exists for these
vessels. In addition, in the present study we found that with short-term daily exerciseinduced remodeling, wall properties below and above this value are differently affected.
Importance of Flow-Induced Vasodilation in Exercise-Induced Vascular Remodeling
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During exercise, blood flow/velocity and thus wall shear stress also increases substantially,
which elicits dilation [4]. Together with the myogenic constrictor mechanism (systemic
blood pressure also increases during exercise), shear stress-induced modulation contributes
to the development of the final diameter/tone of coronary arterioles, which depends on the
prevailing levels of pressure and wall shear stress, and also on the daily exercise-induced
functional and morphological vascular remodeling (investigated in the present study).
Indeed, in our previous studies we demonstrated that an identical short-term exercise
program augmented flow/shear stress-induced dilations of arterioles mediated by NO and
prostaglandins [34, 36, 42, 43]. In this study, we also found an enhanced basal tone of
exercised-arterioles compared to sedentary vessels [34]. Alteration of both myogenic and
flow/shear stress mechanisms together allow a greater regulatory range of diameter of
coronary arterioles serving the needs of increased blood flow to cardiac tissues during
exercise. This was discussed in detail in recent review papers [3, 4, 20].
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Importance of the Functional Remodeling of Coronary Arterioles to Daily Exercise Activity
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A schematic representation of daily exercise training-induced remodeling of rat intramural
coronary arterioles according to the above findings is depicted in Figure 4. Ranges of
constriction and dilation are illustrated according to our findings, revealing that in coronary
arterioles of exercised rats, ranges of myogenic constriction and NO-dependent dilation are
increased at low pressures (illustrated at 30 mm Hg). Interestingly, at high pressures
(illustrated at 120 mm Hg), an additional prostanoid-induced constriction modifies the
spontaneous myogenic tone, which is attenuated in response to daily exercise training (Fig.
4a–c). Thus, according to our findings the benefits of exercise training are that the coronary
NO-dependent dilator range is augmented in parallel with a decreased prostanoid-dependent
constrictor control of vascular tone. The augmented myogenic response at a higher pressure
range may also be involved in the control of capillary fluid permeability during exercise
when the systemic pressure is high. Such functional remodeling provides a possible
beneficial effect of exercise training by restoring vascular reserve functions in certain
pathological conditions with depressed vascular reactivity and vasodilator reserve [9, 10, 19,
32, 33].
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Mechanical forces, such as shear stress, are importantly involved in the long-term
remodeling of vessels, especially in response to regular exercise [3, 4, 20]. It has been shown
that regular exercise augments endothelium-dependent dilations not only in the conduit
coronary arteries, but also throughout the coronary arteriolar network [3, 20]. In response to
a daily exercise program, several enzymes, such as eNOS Mg-SOD, are upregulated,
resulting in increased levels of NO, known to prevent unnecessary growth/thickening of the
vascular wall. Flow/shear stress-induced endothelium-dependent effects are involved in the
remodeling of the vessel wall by optimizing shear stress and elasticity in response to the
exercise program [3, 4, 20, 44].
Exercise training has been found to be beneficial in cardiovascular pathologies, such as
hypertension, diabetes, or aging-induced cardiovascular diseases. Exercise program-induced
vascular remodeling was shown to reverse attenuated NO-dependent vasodilation in diabetes
[10], and also reversed hypertension-induced alterations in the expression of K+ channels
observed in thoracic aorta smooth muscle cells [8].
Issue of Gender Difference in Exercise-Induced Functional Vascular Remodeling
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It is important to note that our study was conducted only in male rats. This was due to the
fact that we wanted our findings to be comparable to our previous studies in which flow/
shear stress-induced responses were investigated in the vessels of male rats. Nevertheless, in
previous studies we found that the presence of estrogen upregulates eNOS and NO
production and the dilator capacity of arterioles [45, 46]. Also, we previously found sex
differences in functional and biomechanical characteristics of coronary arteries: in female
coronaries constrictor responses were decreased, while estrogen replacement therapy after
ovariectomy augmented bradykinin-induced NO-mediated dilation in these vessels [47, 48].
In brief, all these findings warrant future studies on how exercise programs affect the
vascular function and morphology of female species.

J Vasc Res. Author manuscript; available in PMC 2019 February 14.

Szekeres et al.

Page 10

Issue of Aging in Exercise-Induced Functional Vascular Remodeling
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Our investigation focused on young animals. However, modulation of the myogenic
mechanism by exercise could be important in older age as well. Indeed, animal and human
studies revealed that moderate- and long-term exercise activity significantly reduces
cardiovascular risk factors, and therefore cardiovascular morbidity and mortality [1, 3, 4, 8,
10, 44]. We have recently shown that from birth to senescence morphological and functional
remodeling leads to an increased contractile capacity of arteries [49]. Thus, one can
hypothesize that this could be tempered by regular exercise-induced enhanced release of NO
and prostaglandins [50].

Conclusions
Author Manuscript

The present study identified several morphological, biomechanical, and functional
adaptations of the intramural coronary arterioles in response to a short-term daily exercise
program, which have not been previously reported. Specifically, short-term daily exercise
induces adaptation/remodeling of rat intramural coronary arterioles: in the low intraluminal
pressure range the distensibility and endothelium-dependent modulation of myogenic tone
were augmented, whereas at higher pressures wall thickness increased, wall stress reduced,
the myogenic response increased, and the effect of constrictor prostanoids was diminished.
Such remodeling of coronary arterioles is likely to result in a greater range of coronary
autoregulation, constrictor and dilator reserves, and a more effective protection against great
changes in intraluminal pressure, thereby contributing to the optimization of coronary blood
flow and capillary permeability function during exercise.
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Fig. 1.

Exercise-training induced remodeling of rat intramural coronary arterioles. Geometrical and
elastic alterations in the passive state compared with sedentary controls. Transmural pressure
is plotted against outer diameter (a), inner diameter (b), wall thickness (c), tangential wall
stress (d), incremental distensibility (e), and incremental tangential elastic modulus (f).
Mean values were used from 2-way ANOVA tests with Tukey paired comparisons: * p <
0.05 between sedentary (n = 25) and exercised (n = 12) groups.
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Fig. 2.

Exercise training-induced remodeling of rat intramural coronary arterioles. The inner
diameter as a function of increasing transmural pressure was raised in a stepwise manner.
Spontaneous tone and myogenic constriction in the control condition (green, trained; yellow,
sedentary; a, b), in the effect of the NOS inhibitor Nω-nitro-L-arginine (L-NNA, 10−5 M;
blue, trained; magenta, sedentary; a), and in the effect of the cyclo-oxygenase inhibitor
indomethacin (INDO, 2.8 × 10−5 M; b). Passive pressure-diameter curves are also shown for
easy comparison (black, trained; red, sedentary; a, b). Mean values were used from 2-way
ANOVA tests with Tukey paired comparisons: * p < 0.05 and *** p < 0.001 between
sedentary (n = 10) and exercised (n = 6) groups in the presence of the inhibitors.
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Fig. 3.
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Exercise training-induced remodeling of rat intramural coronary arterioles compared with
sedentary controls. a Inner diameter in spontaneous tone and myogenic constriction
expressed as a ratio of the passive diameter. The dashed line refers to the diameter of
arterioles in the passive condition, taken as the reference. Alteration of the spontaneously
contracted inner diameter in response to the NOS inhibitor Nω-nitro-L-arginine (L-NNA,
10−5 M; b) and the cyclo-oxygenase inhibitor (INDO, 2.8 × 10−5 M; c). The dotted line (b,
c), representing the diameter of arterioles in control myogenic constriction, was taken as a
reference at each pressure level. Mean values were used from 2-way ANOVA tests with
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Tukey paired comparisons: * p < 0.05 and *** p < 0.001 between sedentary (n = 10) and
exercised (n = 6) groups.

Author Manuscript
Author Manuscript
Author Manuscript
J Vasc Res. Author manuscript; available in PMC 2019 February 14.

Szekeres et al.

Page 18

Author Manuscript
Author Manuscript
Author Manuscript
Fig. 4.
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Exercise training-induced remodeling of rat intramural coronary arterioles: a schematic
representation. Wall sections of exercised and sedentary male rat coronary arteriole segments
in spontaneous myogenic tone without (a) and with (b, c) inhibitors. a Coronary arterioles in
control myogenic tone at 120 mm Hg intraluminal pressure and with the passive diameter. b
The effect of the NO inhibitor Nω-nitro-L-arginine (in the presence of prostanoids) reveals
an increased (NO-mediated) dilation effect in myogenic tone at 30 mm Hg intraluminal
pressure in the coronary arterioles of exercised rats. c The effect of the cyclo-oxygenase
inhibitor INDO (in the presence of NO) reveals the presence of endogenous constrictor
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prostanoids at 120 mm Hg intraluminal pressure in the coronary arterioles of sedentary
animals, which is missing in the exercised group.
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